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. ABSTRACT ~

Data from the Auroral Particles Experiment on 0GO-4 were used to
study effects of substorm activity, interplanetary magnetic field
latitude and dipole tilt angle on high-latitude precipitation of 700
ev electrons. It was found that: (1) The high-latitude zone of 700 ev
electron precipitation in late evening and early morning hours moves
equatorward by 5-10° during substorms. This behavior is interpreted
as an effect of the substorm-associated thinning of the plasma sheet.
(2) The low-latitude boundary of polar cusp electron precipitation
at 9-15 hours MLT also moves equatorward by several degrees during
substorms and, in the absence of significant substorm activity, after
a period of southward interplaqetary magnetic field. This behavior is
interpreted to result from erosion of dayside magnetic flux into the
tail and to be a part of the substorm growth phase. Flux conservation
calculations indicate that the observations are consistent with a model
of dayside flux erosion by a southward interplanetary magnetic field
provided the magnetopause is roughly 20-30% transparent to external
fields. (3) With times containing substorm activity or a southward
interplanetary magnetic field eliminated, the low-latitude boundary of
polar cusp electron precipitation is found to move by approximately
4° over the total yearly range of tilt angles. At maximum winter and
summer conditions the invariant latitude of the boundary is shown to
shift by approximately -3% and +1° respectively from its equinox
location. This same asymmetry is found in calculations of the in-
variant latitude of the first open field line in the Mead-Fairfield

model magnetosphere. The observed polar cusp lower boundaries lie

approximately 3° below the calculated first open field lines and coincide

with the average > 35 kev electron boundaries of Feldstein and Starkov.



INTRODUCTION

The morphology of high-latitude electron precipitation has been
studied extensively by several groups over the past decade. See Hoffman
(1971) and Paulikas (1971) for recent comprehensive reviews. Dating

from the initial finding (See Johnsen et al, 1966 Sharp and Johnson, 1968;

Johnson and Sharp, 1969) that the dayside precipitation zone is di-

vided into a well-defined hard zone and a higher latitude soft zone,
further observations have confirmed that a soft zone is generally pre-
sent at all local times, although the division is much more distinct
on the day side than on the night side, where substorm effects often
change its character significantly.

The intense, highly variable, and sometimes field-aligned (see

Hoffman and Evans, 1968) electron fluxes present in the soft zone have

been identified either causally or spatially with several high-latitude

geophysical phenomena, including discrete auroral forms (Hoffman and

Berko, 1971), VLF hi=s (Gurnett and Frank, 1972; Hoffman and Laaspere,
1972), 6300 A emissions (Sandford, 1970; Evans et al, 1972), and possibly
the winter polar ionosphere (Maehlum, 1968; Burch, 1970; Pike, 1971).

Recently Heikkila and Winningham (1971) have found evidence that the

dayside soft zone is produced by penetration of thermalized solar wind
through the magnetospheric neutrai lines or polar cusps. This evidence
was based on a comparison of electron and proton spectra in the magneto-
sheath and in the low-altitude soft zone. Frank (1971b) has measured
electron and proton spectra and pitch-angle distributions in the mid-
altitude polar cusp (R ~ 5 Rg). Frank glso found good agreement between

polar cusp and magnetosheath particle spectra, and further noted a
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separation between the electron and proton zones with the proton pre-
cipitation lying just poleward of the electron precipitation. Both

Heikkila and Winningham (1971) and Frank (1971b) concluded that the zone

lies just pdleward of the high-latitude limit of closed field lines
and the > 40 kev electron trapping boundary.
Based on comparison of particle spectra (e.g., by Burch, 1968a, and
Hores, et al, 1971) and on determination of the relationship of the > 40
kev electron trapping boundary and the plasma sheet by Frank (1971a)
the nightside soft zone has been interpreted as the low-altitude ex-
tension of the plasma sheet. During periods of substorm activity the
intense fluxes of low-energy electrons in the nightside soft zone are
often accompanied by large fluxes of electrons of several kev energy
(Burch, 1970; Hoffman, 1972). Near dawn and dusk the division, if
any, between the polar cusp and the plasma sheet has not been determined.
That the location of the high-latitude soft zone is a strong function
of magnetic local time and magnetic activity has been known for some time

(see, Burch, 1968b, 1970; Hoffman, 1971; Hoffman and Berko, 1971).

Maehlum (1968) has also noted an apparently large dipole-tilt-angle
dependence of the high-latitude boundary of low-energy precipitation
near noon and midnight.

The purpose of this study is to examine the movement in latitude
of low-energy electron precipitation in response to substorm activity
and a southward-turning interplanetary magnetic field. With these
effects eliminated, the tilt angle dependence of the location of the

dayside soft zone, or polar cusp, is reevaluated and found to be somewhat
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weaker than previously found by Maehlum (1968) and inferred from Feldstein

and- Starkov (1970).

EXPERIMENTAL DETATILS

-Electron data from the O0GO-4 Auroral Particles Experiment (Hoffman
and Evans, 1967) are used in this study. The experiment consisted of
seven cylindrical eleétrostatic analyzers which measured directional
fluxes of 0.7, 2.3, 7.3 and 23.9 kev electrons arriving along the earth's
radius vector and fluxes of 2.3 kev electrons at 309, 60° and 90° to the
radius vector. 1In high-latitude regions, where B is nearly radial at
the nominal 0GO-4 altitude of 700 km, the 0° detectors measured pre-.
cipitated electrons. iny the 0.7 and 7.3 kev detectors are discussed

herein.

SUBSTORM EFFECTS

As mentioned above, it has been found previously that the regions
of particle precipitation move to lower latitudes when Kp increases.
However, during this study it has been found that Kp and the available
AE values are not sufficient to predict the approximate location of the
zone of precipitation. The phase of individual substorms and the lati-
tude of the interplanetary magnetic field have been found to be of more
importance, with large changes in the latitude of precipitation resulting
even during periods of very low KP and AE. An example of the lowering
of the high-latitude boundary of 0.7 kev electron precipitation during
substorm activity is shown in Figure 1. 2.5-minute AE vaiues are

plotted along the vertical axis. Kp values for the five.passes shown
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were 2+, 2+, 3, 3, and 37. Approximate invariant latitudes are shown
across the top of the figure, the actual horizontal axis being in units
of universal time. In each case the high-latitude boundary of precip-
itation (excluding isolated narrow spikes) is located exactly on the
invariant latitude axis, with the discrepancy at other times being in
no case more than one degree. These passes crossed the polar cap from
the morning side to the evening side. During quiet times (as indicated
by the AE values) 700 ev electrons extended to or above A = 80°. During
the period of increased substorm activity, in the 4th pass, the zone of
precipitation moved nearly 10° equatorward in both early morning and
evening hours. Several hours 1ater, when the activity had terminated,
the regions of precipitation had again moved poleward. The last pass
was actually on the day side in magnetic local time, crossing from 9.4
hours to 14 hours. The morning portion of this pass is typical of day-
side crossings during quiet times, with a sharp low-latitude boundary
of precipitation which we identify as tﬁe lower boundary of the polar
cusp. A data gap occurred before the satellite crossed the low-latitude
polar cusp boundary in the afternoon sector. Typically, except for
isolated spikes, all higher energy channels are below threshold in the

polar cusp, in agreement with the spectra found by Heikkila and Winningham

(1971). As in the last pass in Figure 1, the polar cusp is generally

found to be 3-5° wide, as concluded by Heikkila and Winningham.
Unambiguous determination of the low-latitude boundary of polar

cusp precipitation is nearly always possible because of its sharp onset

and the fact that 0GO-4 generally reached invariant latitudes well above
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the lower boundary. On the other hand, the upper boundary is typically
harder to identify because of the frequent existence of localized spikes

or drizzle of precipitation into the polar cap (see also Heikkila and

Winningham, 1972) and because 0GO-4 (as all other low-altitude polar-
orbiting satellites) frequently did not reach high enough invariant
latitudes to pass out of fhe polar cusp and far enough into the polar
cap to provide an unambiguous boundary location. For this reason the
study of the polar cusp location which follows is based primarily on its
low -lat itude boundary.

An example of the equatorward movement of the low-latitude boundary
of the polar cusp is shown 'in Figure 2. This pass began during the
period between two substorms with the breakup‘of the second storm oc-
curring as 0GO-4 crossed from the morning side to the afternoon side.
The low-latitude boundary of the polar cusp precipitation was signifi-
cantly below typical quiescent locations (see Figure 1) during this
crossing,»which occurred either just before or very near the breakup
of the second substorm. Data from the Ames magnetometer experiment on
Explorer 33 (located near 19.5 hours local time in the magnetosheath)
indicate that the interplanetary magnetic field had a southward éomponent
of 2-3vy during this period. It thus appears that the anomalously low
boundary location was either a residual effect of the first substorm
or was associated with the southward interplanetary magnetic field and
the growth phase of the second substorm. This qqestion is considered

further in the next section.
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EFFECTS OF INTERPLANETARY MAGNETIC FIELD LATITUDE

After eliminating times when significant substorm activity was pre-
sent, there were still many cases of anomalously low polar cusp lower
boundaries. Preceding every such case was a significant period of
southward interplanetary magnetic field (EIMF)' An example of this be-
havior is shown in Figure 3. The %IMF z component in geocentric solar
magnetospheric (GSM) coordinates is plotted in the upper panel. Three
passes of 0GO-4 are shown in the lower plots. All three passes were
at geographic local timesof 8-12 hours. The first pass occurred after
a large substorm when the interplanetary field was nearly horizontal.
The magnetic local time of this pass is actually 05 hours, so its iden-
tification with the polar cusp is questionable. However, the location
of the lower boundary of precipitation and its general character are
consistent with what is seen in later morning hours when BIMF is north-
ward. The second pass occurred after a considerable period of souﬁhward
EIMF- However, as indicated by the low AE hourly values listed, no
significant substorm activity resulted, perhaps because the total period
of southward field was only about one hour (see Foster et al, 1971).
Magnetograms from this period are shown in Figure 4. Although several
stations were in the midnight sector, only Churchill showed any signi-
ficant electrojet activity during this first period of southward field,
The Churchill negétive activity was accompanied by large negative Z
deviations, indicating a current well to the north of Churchill (A =
70.1%). 1In any case, the relatively weak activity at Churchill had
almost completely recovered by the time of the 0GO-4 polar cusp boundary

crossing (0650 UT). The third pass located the polar cusp boundary at
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A = 78.4°, or its approximate quiescent position. This pass occurred
only about 9 minutes after the onset of the southward EIMT at the earth.
The magnetograms in Figure 4 show no auroral zone activity during this
period of southward EIMF;

The time that the southward interplénetary magnetic field actually
reached the earth was determined in both cases by examination of polar-
cap and equatorial magnetograms in conjunction with data from the Ames
magnetometer experiment on Explorers 33 and 35. As discussed by Nishida
and Kokubun (1971) and Burch (1972), a southward-turning Bryy Produces
a near Simult?neous response in the polar cap and at the equator while
significant auroral zone substorm activity follows by one hour or more
(see Arnoldy, 1971; Foster et al; 1971). 1In all cases discussed below,
the arrival time 6f southward BIMF is determined by identifying the ‘on-
set time of the associated ground magnetic disturbances at several polar
cap and equatorial stations. In Figure 4 are shown the polar cap and
equatorial disturbances associated with the two periods of southward
BIMF discussed in connection with Figure 3. 1In each case the sudden on-
set of southward magnetic field produced a noticeable disturbance at
Thule. The southward excursion at 0545 UT ;iso ;roduced a fairly large
disturbance at Annamalainagar (L < 1) and noticeable transient distur-
bances at Barrow, College and Sitka. 1In ea?h case the duration of thé
disturbance at Thule is within a few minutes of the duration of the in-
creased southward BIMF at Explorer 35. This fact and the absence of
large polar cap disturbances preceding the onset of the southward field
makes an unambiguous identification of the resulting polar cap disturbance

possible in this and similar cases. However, during disturbed times this
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method is often not feasible and other less accurate methods of timing

are necessary (see Fairfield, 1967; Aubry and McPherron, 1971). Of

course, if magnetic field measurements are available in the dayside
magnetosheath or from two satellites which are near the earth-sun line,
accurate determinations of the arrival time of EIMF discontinuities are
possible even during highly disturbed times. The onset times determined
in this study are accurate to within approximately + 4 minutes. However,
movement of the polar cusp lower boundary may begin a few minutes before
any effects are noted on the ground. Errors resulting from such a time
delay will be approximately equal for all cases considered below.
Examination of the total i% years of 0GO-4 data resulted in 10
clear-cut cases when the interplanetary magnetic field turned sharply
and appreciably southward and a polar cusp crossing occurred between
09-15 hours MLT. The magnitude of the southward component of EIMF for
these cases was in the range 1.5-5y in solar equatorial (GSEQ) coordinates
and 1-6.8y in solar magnetospheric (GSM) coordinates. The average GSM
southward component for the 10 cases was 3.0y. 1In each case it was re-
quired that the sharp onset of southward EIMT was preceded by at least
a half hour of nearly horizontal or northward EIMF during which relatively
quiet magnetic conditions prevailed. That is, while most cases of
southward -turning EIMF were preceded by no substorm activity, a few
(as in Figure 2) occurred in the late recovery phase of substorms when
nearly quiescent conditions are expected. In Figure 5 the invariant
latitude of the lower boundary of polar cusp precipitation is plotted

versus time after the onset of southward EIMF at the earth, determined
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as described above. The data in Figures 2-and 3 are included. Some
scatter is eﬁpected (at least near éero time) due to differences in
dipole tilt angle. Based on the discussion below, the maximum scatter
is estimated to be 2.5° over the limited range of tilt angles (75.6° -
114.79) included. It is evident from Figure 5 that large changes in
‘the latitude of the polar cusp lower boundary occur in conjunction
with a southward component of EIMF- Moreover, the location of the
polar cusp boundary shows a dependence on the length of time after the
onset of the southward interplanetary magnetic field. For the relatively
quiet times considered, all cases of anomalously low polar cusp boundaries
occurred in conjunction with a southward §IMTa even though in many cases
the transition from northward to southward ﬁIMT was not distinct enough
for a reliable onset time to be determined. Such cases could not be
included in Figure 5. The observations summarized in Figure 5 are in->
terpreted as direct evidence for gradual erosion of dayside magnetic
flux by the southward interplanetary field, which is often followed by
a substorm expansion phase (see Figure 2).

Evidence of erosion of dayside magnetic field lines has also been

found by Aubry et al (1970) before a substorm and by Russell et al (1971)

and Akasofu (1972) during substorms. Aubry et al (1970) observed, in

a single case, an inward motion of the magnetopause just prior to a
substorm. .This motion was not accompanied by magnetospheric compression
and was interpreted to be part of the substorm growth phase., Russell
et _al (1971) have observed relative movement of the polar cusp to lower

and higher latitudes as ﬁIMF turned southward and northward, respectively,
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during the large magnetic storm of November 1, 1968, when §IMF southward
components of 25-30v were observed. The polar cusp lower boundary was
encountered at estimated invariant latitudes down to 66° during this
storm. Akasofu (1972) has observed equatorward motion of midday auroras
during the expansion phase of substorms and a return poleward during
the subsequent recovery phases.

Although the mechanism of field line reconnection is not completely

understood (see, e.g., Yeh and Axford, 1970), the data of Figure 5

provide evidence that it does occur while also providing some measure
of its efficiency. To what degree the diamagnetic effects of magneto-
pause currents shield the magnetosphere from the interplanetary magnetic

field is not known (see, e.g., Forbes and Speiser, 1971). However,

reconnection of interplanetary and geomagnetic field lines requires

that the shielding not be complete and that a normal component of B can
exist across the magnetopause. Assuming that the quiescent position of
the lower boundary of the polar cusp is at A = 78° and that this field
line maps ongs the dayside magnetopause, the following flux conservation
.calculation can be made. The magnetic field at the earth's surface is
very nearly that of a dipole with a radial B component of .62 sin A
gauss. N\ (invariant latitude) and )\ (geomagnetic latitude) are, by de-
finition, identical at r = 1 Rg. Then, the magnetic flux passing through
the area bounded by A = 78° on the north and A = Ay on the south, and
extending 0.005 radian to either side of the earth-sun line (i.e.,

-.005 < § < + .005) is given by,
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.005 780
3 = I'_ f .62 sinA cosA dAd@ (1)
Toos Ay
= .0031 [sin® (78°) - sin® (N)], (2)

with & in units of gauss-RE. If reconnection occurs at the magneto-
pause near the equatorial plame, it is reasonable to expect that the
portion of the composite interplanetary-geomagnetic field line lying
outside the (possibly fuzzy) magnetopause (see Dungey, 1968) will be
frozen into the collisionless plasma and transpbfted with it aroﬁnd the
flanks of the magnetosphere and into the tail region. The resulting
configuration may be essentially as drawn by Dungez (1961) and Lg&x

et _al (1963) in which the interaction“region at the earth's surface

(that is 78° down to the first closed field line) is mapped'througﬁ

the magnetopause and into the interplanetary magnetic field. Flux con-
servation should therefore Hold between the magnetic field at the surface
of the earth and a certain fraction of the interplanetary magnetic field
in the undisturbed solar wind which is determined by the degree of tréns-
parency of the magnetopause to the external field. Assuming that the
noon-meridian magnetopause is initially located at a geocentric distance
of 10 Rg in the equatorial plane, the field lines near the upper boundary
(A = 789) of the area element deséribed in equation (1) will map into

an element of the equatorial plane of width 20 tan (.005) ~ 0.1 Rg
perpendicular to the earth-sun line. Assuming that this width remains

constant as the field lines are transported into the tail, the field

lines from the area described in equation (1) will map onto a strip of
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the magnetopause of width 0.1 Rg and length determined by the solar
wind velocity. With a solar wind velocity (around the magnetosphere),

Vs, and an effective southward %IMF (that is, after shielding

by the diamagnetic magnetopause), B?;f the following flux equality will
hold,
5, =8, = 0.1 8%t (3)

where t is the time after the onset of southward §IMF- Combining
equations (2) and (3) and assigning values to B?%f and Vg, a relation
bet&een t and A; is obtained. The curves in Figure 5 are for Vg =

400 km/s and B?§f= 0.5y (upper curve) and B?§f= 1y (lower curve). The
general form of the relationship between A; and t indicates that the

flux conservation requireménts of the reconnection model are consistent
with the observations provided that the magnetopause is roughly 20-30%
transparent to the interplanetary magnetic field (recall that the average
southward ﬁIMF component for the points in Figure 5 was 3vy).

In the simple model discussed above it is aSSuTed that erosion can
proceed indefinitely. This cannot be the case since flux is continuously
being transported to the day side. In the stable situation, with no
erosion, reconnection of tail magnetic field lines occurs (although it is
not known where) to permit their transport to the day side by the earth's
rotation. During and after a period of erosion, a similar transport
process should occur. At large antisolar distances the solar wind and
interplanetary magnetic field will have returned to their undisturbed.

state. This could result from the formation of a neutral point at an
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intermediate distahce down the tail (see Dungey, 1961; Levy et al,
1963) at which disconnection of the geomagnetic and interplanetary
magnetic fields occufs. Therefore; erosion produced by an element of
southward EIMF would persist only until the element passed beyond the
tail neutral point. Depending on the distance of the neutral (or dis-
connection) point down the tail, a limit will be placed on the total
amount of magnetic flux which can be transferred from the day side into
the tail for a given Bfgf and Vg. There is some evidence for such a
leveling off in the data of Figure 5, although this does not show up

in the calculation of equation (3).

EFFECTS OF DIPOLE TILT

Again considering magnetic local times 09 - 15 hours, thé tilt-
angle dependence of the lower boundary éf the polar cusp has been
studied after e;iminating ail times with substorm activity or when
V{there was a southward interplanetary magnetic field. The results are
shown in Figure 6. All déta are for 09 - 15 hours MLT in the northern
hemisphere, with no substorm activity apparenﬁ in 2.5-minute AE values,
and a northﬁard gIMF' Witﬁ substorm and southward interplanetary mag-
netic field effects eliminated, there is a total seasonal shift of 4°
in the invériant latitude of the lower boundary of polar cusp electron
‘precipitation. Approximately 39 of this shift occurs for B (tilt angle)
> 90° (northern winter conditions) with only a 1° shift for B < 90°.
Therefore, the maximum universal time dependence over a single day will

occur at the winter solstice, amounting to only 2.5°.
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Also shown in Figure 6. are the results of calculations of the
location of the first open field line using the model of Mead and'
Fairfield (1971). The calculations were made as follows. Noon meri-
dian field lines were traced from the surface of the earth outward in
the northern hemisphere. 1If, as the field line was traced outward the
condition, By > 0, B, < 0 in solar magnetic coordinates, was Ffound, the
field line was labeled ''open''. If the condition, By < 0, B, > 0, was
found, the field line was labeled '"closed'. Latitude increments of
0.1° were used, so for this calculation there was at most a 0.1° difference
between the latitudes of the first open field line and the last closed
field line. 1In this model, as inthe various mathematical models,
tracing of field lines which pass very near the neutral points will
often lead to lost field lines which never return to the earth. There-
fore, although the field line 0.1° below the first open field line
plotted in Figure 6 is not swept back into the tail in the Wead-Fair-
field model, it does not necessarily connect directly to the southern
hemisphere. The first open field lines calculated are to be viewed as
those which pass very near the average magnetospheric neutral points
for Kp < 2 in the Mead-Fairfield model. 1In Figure 6, the observed
lower boundaries are clustered about a curve lying 3° below the cal-
culated first open field lines. This is roughly consistent with the
3-5° observed width of the polar cusp precipitation. Also plotted are
the average logations of the last closed field line in the local time

sector 10-18 hours as observed by Feldstein and Starkov (1970). The

last closed field line in their study was interpreted to be coincident

with the boundary where > 35 kev electron fluxes dropped to cosmic-ray
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background. Since the > 35 kev electron trapping boundarywlies at or
near the low-latitude boundary of polar cusp precipitation (see Heikkila

and Winningham, 1971; Frank, 1971b), the two boundaries are éxpected to

show similar behaviors with changing tilt angle. As shown in Figure 6,
_good agreement is found over the_limitgd range of tilt angles covered
by Feldstein and Starkov's study. However, a linear extrapolation of
their points would predict a much stronger tilt-angle dependence thian is
found heré. Feldstein and StarkoQ's data covered times when the ﬁaénetic
activity index Q w;s less than 3 (somewhat quieter than Kp < 3) so,
while some scatter would be expected due to substorm activity and south-
‘ward BIMFs the effect on their average boundary locations is expected
to be minimized to a degree.

Maehlum (1968) has studied the high-latitudé boundary of precipi-
tation of > 50 ev electrons near noon and midnight. This boundary on
the day side coincides with the high-latitude edge of polar cusp pre-
cipitation. Restricting his study only to Kp < 4, Maehlum found nearly
a 10° variation over the total range of tilt angles. Hoffmanv(1971),
noting a Kp dependénce for Kp < 4 which was greater than the UT dependence
for Kp < 1+, restricted both his measurements and those of Maehlum (1968)
to Kp < 1+, and found only abéut a 2%0 change in the high-latitude
boundary of precipitation. Again, effects of southward EIMT and isolated
substorms were not eliminated. 1In Figure 7 Hoffman's (1971) Figure 12
is reproduced with the following modifications: (1) cases where BIMF
was clearly southward and/or when a substorm was in progress (as deduced

from 2.5-minute—AE values) are indicated by solid circles, (2) cases
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when there was no substorm activity but BIMF was very nearly horizontai
and was neither clearly northward nor southward are plotted with squares.,
Open circles are cases with no substorm activity and ﬁIMF clearly north-
ward. Elimination of all solid points from Figure 7 would result in
about a 4° tilt-angle dependence in agreement with that shown in Figure

6 for the low-latitude boundary.

SUMMARY

The high -latitude zone of low-energy electron precipitation in
late evening and early morning hours is shown to move equatorward by
several degrees during substorms. This behavior is interpreted as re-
sulting from the substorm-associated thinning of the plasma sheet which

has been reported by Aubry and McPherron (1971) and others. Similar

behavior is noted on the dayside, where the low-latitude boundary of
polar cusp electron precipitation is found at much lower latitudes than
its quiescent position even during weak substorm activity. Furthermore,
anomalously low polar cusp latitudes are often observed before substorm
breakups and in the absence of significant substorm activity. All such
cases occurred during periods when the interplanetary magnetic field at
the earth had a southward component in solar magnetospheric coordinates.
It is conc luded that the equatorward movement of the polar
cusp occurs prior to the substorm breakup and is part of the substorm
growth phase. Support is therefore given to the observation by Aubry
et al (1970) of the inward motion of the magnetopause prior to a sub-

storm.
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Analysis of 10 polar cusp crossings which followed sharp onsets
of southward Byyp Shows that the latitude of the‘polar cusp lower
boundary moves gradually equatorward at an approximate rate of .19/
min. for GSM southward magnetic field components averaging 3y. A flux
conservation calculation indicates that this dependence is consistent
with a model of flux erosion from the dayside and into the tail provided
that the magnetopause is roughly 20-30% transparent to external fields.
With times containing substorm activity or a southward %IMT eli-
minated, the low-latitude boundary of the polar cusp is found to move
by approximately 4° over the total yearly range of tilt aﬁgles. At
maximum winter and summer conditions the low-latitude polar cusp
boundary is found to shift by approximately -3°% and +1° respectively
from its equinox location. This same asymmetry ié found in calculations

of the location of the first open field line from the model of Mead

and Fairfield (1971). The observed polar cusp lower boundaries are
found to lie approximately 39 pelow the boundaries calculated from the

Mead-Fairfield model and to coincide with the average last closed field

line, or > 35 kev electron boundary of Feldstein and Starkov (1970).

When periods with substorms and southward EIMF are eliminated, the tilt-
angle dependence of the upper boundary of the polar cusp found by Maehlum
(1968) (10°) and Hoffman (1971) (2%°) is shown to be more nearly in

agreement with that found here for the low-latitude boundary.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS
A series of five passes through the ﬁolar regions from post-
midnight and morning hours to afternoon and evening hours.
The first four passes are on the night side and show typical
ﬁafterns of precipitation of 700 ev electrons associated with
the plasma sheet. The fiftﬁ pass is on the day side showing
typical polar cusp electron precipitation. Arrows indicate
times corresponding to the beginning of plotted data. 2.5-
minute AE values are plotted along the vertical axis. Kp
values for the five passes were 2+, 2+, 3, 3, and 3-. The.
flux scale shown for the first pass is in electrons/cmz-ster-
kev-sec. Flux thresholds are equal for all five passes.
An example showing the equatorward disﬁlacement of the polar
cusp lower boundary associated with substorm activity and a
southward interplanetary magnetic field (ﬁIMF). In the dawn
portion of this pass 0GO-4 crossed near the expected transition
from plasma sheet to polar cusp precipitation, and near 9 hrs.
MLT the highly structured precipitation typical in the polar
cusp is seen. In the afternoon sector a typically sharp low-
latitude boundary.of polar cusp electron precipitation is evident
several degrees lower than typical quiescent locations. Electron
flux is in units of electrons/cmZ-ster-kev-sec.
Three examples of high-latitude 700 ev electron precipitation
on 16-17 July 1968. All three passes were at geographic local
times between 8 and 12 hrs. The first pass crossed near 5 hrs.

MLT, so its identification with the polar cusp is questionable.
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This pass, which occurred when iIMF was nearly horizontal, and
the third pass, which occurred nine minutes after a southward
§IMF reached the earth, show low-latitude boundaries of preci-
pitation near typical quiescent locations. The second pass,
which occurred after one hour of southward §IMF, shows a
boundary at least 7° below quiescent locations. AE hourly
averages and the GSM Z component of iIMF are shown in the top
panel. iIMT was directed nearly parallel with the earth-sun
line, accounting for the 15-20 min. delay times, which were de-
duced from polar cap and equatorial magnetograms.

Figure 4. Polar cap, equatorial and auroral zone magnetograms for times
corresponding to the second and third passes of Figure 3. Arrows
indicate onset times of disturbances caused by the arrival of
southward EIMF at the earth.

Figure 5. Locations of the lower boundary of polar cusp electron preci-
pitation for 10 cases which followed sharp onsets of southward
iIMF' In each case the onset of southward %IMF was preceded by
at least a half hour of horizontal or northward field, and
occurred during quiet conditions or during the late recovery
phase of a substorm. Solid curves are the results of flux con-
servation calculations assuming that field-line reconnection
occurs between the dayside geomagnetic field and a southward
interplanetary field of 0.5y (upper curve) and ly (lower curve).

Figure 6. Locations of the low-latitude boundary of polar cusp electron

precipitation for various geomagnetic tilt angles. All
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observations occurred when EIMF was northward and no substorm
activity was evident in 2.5-minute AE values. Open circles
are average locations of the > 35 kev electron boundary for

local times 10-18 hours as reported by Feldstein and Starkov

(1970). The upper dashed curve indicates the invariant lati-
tude of the first open field line as a function of tilt-angle,

as calculated from the model magnetosphere of Mead and Fair-

field (1971). The lower dashed curve lies 3° below the upper
curve.

Figure 7. Locations of the high-latitude boundary of polar cusp electron
precipitation for various tilt angles, taken from Hoffman (1971)
and modified as follows: (1) Solid circles indicate cases where
BIMT was clearly southward and/or when a substorm was in progress,
(2) Squares indicate cases with no substorm activity, but when
EIMF was nearly horizontal and was neither clearly northward nor
southward. The original open circles have been retained for
cases with no substorm activity and when iIMF was clearly north-

ward.
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